PACS 29.27.-a -Beams in particle accelerators PACS 41.75.Ht -Relativistic electron and positron beams PACS 41.75.Fr -Electron and positron beams Abstract -A scheme for setting up a small-sized table-top level electron storage device is proposed. Insulator pipe, electron reflecting mirrors and loose controlling enable a high-energy beam to be confined effectively along a polygonal, closed, short path. Moreover, self-field can cause a beam to be of a space-time varying shape and a finite real-space volume because the density cannot be negative-valued. This also favors a small-sized storage device.
Electron storage ring, which allows repeated usage of high-energy particles, is becoming a necessity in many applications involving energetic charged particles [1] [2] [3] [4] [5] [6] . At present, designing an electron storage ring embodies researchers' desire of well controlling a charged beam as "tight" as possible. Here, the word "tight" refers to the fact that the beam is under control anytime and anywhere. Guided by this idea, researchers have developed various advanced theories on the beam in various external fields [7] [8] [9] [10] [11] [12] [13] . In realistic experimental setups, it is inevitably complicated to control the beam along a long closed path because of many factors, such as cyclotron radiation, impedance of metallic pipe wall, many bending magnets and coils, etc. [14] . In a conventional electron storage device, the vacuum chamber is usually made of a metallic pipe which facilitates manipulating the stored beam. Because of its finite radius, the metallic pipe wall inevitably has an impedance. Moreover, a circular closed path is easy to invoke cyclotron radiation. Therefore, one has to use various sophisticated ways to "refresh" the stored beam in order to keep its quality. However, if the pipe is made of insulator material such as glass, the impedance should be small because of the absence of free charge on the wall. Of course, if one wishes to keep the beam under control anytime, such an insulator pipe is obviously inappropriate. Maybe the idea of keeping the beam under control anytime arises from our purpose of confining the beam within the storage device. Guided by this purpose, it is easy for researchers (a) E-mail: linhai@siom.ac.cn to make the external magnetic field applied to the beam always on and thus the metallic pipe is appropriate to this idea.
The "tight" control demands the storage device to be equipped with many sophisticated elements and hence causes a complicated manipulation. Can we on purpose let the beam freely flying and only apply control at some crucial time-space points? According to strict theories [15, 16] , "electronic reflecting mirror" (ERM), or E ×B bending, can change electron's moving direction without costing huge space [17] . As analyzed later, such an ERM can also change the global moving direction of an electron beam very efficiently. Thus, by choosing polygon closed path and insulator pipe, we can design a storage device free from the above-listed adverse factors. Figure 1(a) is a sketch illustrating this new design idea.
Beside this E × B bending, pure electrostatic bending (E-bending) [1] [2] [3] [4] [5] [6] is also noted due to its advantage over pure magnetic bending. In the E-bending, a radial electric field exerted by two curved/hemi-circle electrodes (i.e., deflectors) is expected to make the electronic trajectory have a π-deflection. However, the strict relativistic theory reveals that such a π-deflection might not work because the trajectory (see fig. 1 , and ρ 0 is the average value of two radius,
and some physical factors have been absorbed into E ρ , we can obtain Γd s ρ = E ρ s + C ρ = E ρ s and Γρd s θ = C θ = C, where the initial condition reads Γd s ρ| s=0 = C ρ = 0 and 62001-p1 
. Considering the definition Γ −1 , we can obtain two relations:
After solving ρ from this equation, we can find an equation of θ:
Numerical results (see fig. 1 (c)) indicate that in most cases, hitting the inner or outer wall is inevitable. To avoid this adverse factor, one designs a more complicated setup. For example, two 10
• deflectors and one 160
• deflector is combined to achieve a π-deflection [1, 2] .
In contrast, the E × B bending is simpler because it can effectively avoid hitting electrodes [17] . Suitable injection parameters can cause the electron trajectory to be of very short curve part, which is favorable to minimize the radiation effect [17] . Actually, radiation loss due to curved trajectory can be effectively compensated because of the work done by the DC-field E and is also negligible because the characteristic time τ = 2e 2 3m 3 is so small that the radiative effect plays a crucial role only for the phenomena involving fm-level distance [18] far below mm-level space dimension we studied.
In popular trace-space description, an electron beam is treated as a series of slices perpendicular to the propagation axis and each slice is approximately taken as obeying a Vlasov-like equation (VE) [19] . Thus, particles exchange between different slices are neglected. Here, we describe more strictly the whole beam with the Vlasov-Maxwell (V-M) equation set [7] [8] [9] [10] [11] [12] [13] but each slice cannot obey a Vlasov-like equation because of particle exchange between slices.
We start from two theorems (for simplicity of symbols, we denote the operator [ t) ) will usually not satisfy VE. (Here δ is the well-known Dirac function and for simplicity of symbols, we denote f (r, υ = υf
, t) as n 0 (r, t) and
Proof : Directly applying the operator L to f 0 , one can find
where we have used the relation υ · ∇n 0 * δ = u · ∇n 0 * δ. Clearly, if f 0 satisfies the VE Lf 0 = 0, there will be a continuity equation
Proof : For simplicity of symbols, we denote [ L + (υ · ∇u) ∂ υ ]f 0 as Ω. Equation (1) can be re-written strictly as
Clearly, it has a strict solution Ω = 0.
Applying a familiar textbook procedure [20] to the equation Ω = 0, we can obtain (3) which differs from the well-known Akhiezer-Polovin (A-P) model [21] : ∂ t p (u (r, t))+ u ·∇p (u (r, t))+ e [E + u × B] = 0. Moreover, the continuity equation associated with n 0 becomes ∂ t n 0 + u · ∇ r n 0 = 0, rather than our familiar
The A-P model consists in simply putting an equation derived from the VE,
= 0, in the zero-temperature limit. This is equivalent to admitting that the VE has a zero-temperature solution and hence it is not true.
Four Maxwell equations and eq. (3) form a closed equation set of (E, B, u) [22] . Its strict solutions can be sought from functions of general form g (z − βct, r). Expressing E in term of u and B, we can re-write the equation
Equation (3) can be expressed more clearly as follows: 
where POT is a constant vector. Moreover, an electron beam should have a constraint
For simplicity, here we only consider the case of p θ = 0. From two equations (derived from eq. (7)) we find that when ε = pρ pz is a constant; and
exists, these two equations could be satisfied. Note that ε 2 is proportional to the emittance in conventional microscopic trace-space description of a beam. More complicated cases in which ε is a complex space-time function are not considered because they might lead to meaningless solution of p z . After straightforward deduction, we re-write eq. (8) as 1 + ε 2 case. The value of the cons tan t is determined by the boundary condition at ρ = ∞, which is usually defined as ∂ ρ p z | ρ=∞ = 0 and p z | ρ=∞ = 0. These "potential functions" are presented in fig. 2 .
If no external force exists and the total number particle of a beam, N 0 = V nd 3 r, is conserved (where V stands for the real-space volume of the beam) we can take the total momentum of the beam, P 0 , as conserved and thus ob- electron motion [17] . Likewise, the direction of the global moving can also be changed by the ERM.
Space-time inhomogeneous external fields can not only cause the total momentum of the beam varying, but also affect the shape of a beam. For external fields in any form, we can always express it a superposition: for example, E ext (r, t) = Eext (r,t)drdt drdt
note that the space-time average
Eext (r,t)drdt drdt is a con-
stant. Clearly, if
Eext (r,t)drdt drdt = 0 (which means a constant electric field), the total momentum of the beam, P 0 , will be affected directly. In such a situation, the characteristic speed βc is time-dependent.
As far as a beam is concerned, its real-space volume V can be small but its velocity-space volume U will be large (because of the effect of the self-fields). The space-time varying behavior enables ∇ · E self > 0 to be possible (i.e. n < 0). Therefore, to avoid such an unphysical result, the beam must be confined within the ∇ · E self 0 region and hence it is of a finite V . This explains, to some extent, why a space-charge-force-dominated bunch can maintain considerably small real-space volume [12] .
For a given N 0 -value, V and those profiles, according to eqs. (13), (14) are affected by the boundary conditions. There are two classes of n-profiles: one has an off-axis peak-density point and the other has a peak-density point on the ρ-axis. In the former class, the point where u z = βc, E self = 0, B self = 0 is on the ρ-axis. In the latter class, the point where u z = βc, E self = 0, B self = 0 is at the outer surface of the bunch. Here, at the point where E self and B self are 0, there is u z = βc.
Some typical n-profiles are presented in fig. 3 . The n 0 constraint enables the beam to be possible for a very high density up to solid-state level: 10 >24 cm −3 or 10 >3 nm −3 . For an electron bunch whose total charge is at 10 −6 C level, such a high density level means 10 2-3 μm 3 level V . Correspondingly, the current strength is at 10 2-3 A level if the global moving speed is at 0.8c level. If the transverse size of the bunch is at μm level and the radius of the insulating pipe is at least at mm level, it is sufficient to ensure the bunch does not contact the pipe wall. Moreover, because n = 0 exists over the region between the outer surface of the bunch and the inner surface of the pipe wall, the value of E at the inner surface of the pipe wall is equal to that at the outer surface of the bunch. For a 10 −6 C level bunch of β = 0.8, if it belongs to the former class, the inner surface of the pipe wall will sustain E up to GV/m level, which cannot be sustained by usual ceramic materials. In contrast, if it belongs to the latter class, there will be nearly E = 0 at the inner surface of the pipe. Therefore, to avoid E at the inner surface of the pipe wall beyond dielectric strength of most usual insulator materials, it is necessary to control the N 0 -value and adjust the boundary conditions of the bunch. Here, for adjusting boundary conditions, we let the bunch run along a metallic pipe which is ground wire (see fig. 1 ). This metallic pipe acts as a rolling-up cathode and hence pushes electrons toward the axis. More detailed works will be presented elsewhere.
The whole storage device can share a vacuum chamber with a small-sized accelerator, as described elsewhere [17] . By switching off all elements of the accelerator and switching on all elements of the storage device, we can keep accelerated electrons in a polygon closed path. Because the curve part is only a small fraction of the path, this can avoid radiation generated unnecessarily. When needing radiation emission, we can switch off ERMs and let stored electrons enter into a large circle path which yields synchrotron radiation emission, or hit positive charges to generate bremsstrahlung.
Based on strict microscopic and macroscopic theories, we explain why an electron beam can maintain a compact size despite strong self-fields. Using uniform external fields can minimize the effect on the shape of a beam and effectively adjust its global moving. Because of the abovedescribed factors, a "loose" control is favorable to achieve a miniaturized high-energy electron storage device. * * * This work is supported by the Natural Scientific Fund No. 11374318,11174305 and 11335013.
